Introduction
Aflatoxins, a group of mycotoxins first discovered after the occurrence of Turkey X disease in UK in the 1960s, are a most influential group of contaminants of concern for food security [1] .
They are naturally occurring metabolites produced commonly by the toxigenic strains of the fungal species Aspergillus [2] . Several factors favour fungal growth including environmental, chemical and biological parameters. Two important factors affecting growth are the temperature and relative humidity with growth occurring between 10-35°C, optimally 30-35°C, and relative humidity optimally above 85% [3] . Due to an awareness of the risks of climate change to food security, increasing studies are emerging examining the role of climatic factors on specific fungal species and their gene expression for toxin production [4, 5] .
Aflatoxins are organic chemicals known as difuranocoumarins. They are classified into two broad groups according to their chemical structure; the difurocoumarocyclopentenone series (AFB1, AFB2, AFB2A, AFM1, AFM2, AFM2A and aflatoxicol) and the difurocoumarolactone series (AFG1, AFG2, AFG2A, AFGM1, AFGM2, AFGM2A and AFB3). The four major agriculturally important aflatoxins: B1, B2, G1, G2 were identified from their significant direct contamination of foods and feeds (Figure 1 ). These toxins have minor modifications in structure and molecular formulas and form a unique group of heat stable highly oxygenated, naturally occurring heterocyclic compounds. Aflatoxins B2 and G2 were established as the dihydroxy derivatives of B1 and G1, respectively. The aflatoxins display potency of toxicity, carcinogenicity, mutagenicity in the order of AFB1 > AFG1 > AFB2 > AFG2 [6] . Chemically the double bond of the dihydrofuran and the elements linked to the coumarin moiety are of importance in producing biological effects. The aflatoxins fluoresce strongly in ultraviolet light due to the ring structure (ca. 365 nm). The B label of aflatoxins B1 and B2 resulted from the exhibition of blue fluorescence under UV-light (425nm), while the G label refers to the yellowgreen fluorescence of the relevant structures under UV-light (540nm). It has been reported that Aspergillus flavus, Emericella astellata, E. venezuelensis and A. pseudotamarii produce B1 and B2 while A. parasiticus, A. nomius, A. bombycus, A. miniscleotigenes, A. arachidicola produce B1, B2, G1 and G2 toxins [7] . The aflatoxins M1 and M2, two additional metabolic products were first isolated from milk of lactating animals fed aflatoxin preparations; hence, the M label [8] . Aflatoxin M1 is 4-hydroxy aflatoxin B1 and aflatoxin M2 is 4-dihydroxy aflatoxin B2 [9] and their toxic potency falls between B1 and G1 and B2 and G2 respectively.
Due to a combination of the optimal conditions required for fungal growth and susceptibility of the staple diets to Aspergillus growth these toxins tend to be most prevalent in tropical and subtropical regions, most of which are developing countries, causing severe negative impacts to food security [10, 11] . Since their identification the health and economic impacts of the occurrence, legislation and prevention of aflatoxin in feed and food have been well documented [12] [13] [14] [15] [16] [17] [18] [19] . The most significant step was in 1993 when the International Agency for Research on Cancer (IARC) classified 'naturally occurring mixes of aflatoxins' as a Group 1 carcinogen, meaning that sufficient evidence exists to link aflatoxin exposure to cancer in humans [20] . Aflatoxin exposure leads primarily to a condition known as aflatoxicosis, a hepatic disease. Research suggests the exposure and susceptibility of individuals to aflatoxins from food contamination varies considerably depending on geographical location, type of diet, awareness of aflatoxin contamination, socioeconomic status, age, sex, nutritional status and/or concurrent exposure to other causative agents such as viral hepatitis (HBV) or parasite infestation. In animals, variations occur between species but aflatoxins are known to cause liver damage, anaemia, jaundice, gastrointestinal dysfunction, reduced feed utilization and efficiency with decreased milk and egg production, recurrent infection as a result of immunity suppression (e.g. salmonellosis), reduced reproductively and embryo toxicity in animals consuming low dietary concentrations. All ages are affected but to different degrees for different species with the young most susceptible. Nursing animals may be affected as a result of the conversion of aflatoxin B1 to the metabolite aflatoxin M1 excreted in milk.
To limit aflatoxin exposure, over 100 nations worldwide have set maximum tolerated levels of aflatoxin in food [21] . These standards offer public health protection in industrialized nations, but arguably have little effect in less developed countries through a lack of regulatory systems for aflatoxin monitoring and control. The US Food and Drug Administration has established specific guidelines on acceptable levels of aflatoxins in human food and animal feed by establishing action levels that allow for the removal of violative lots from commerce. In the US the action level for human food and cereals are 20 ppb total aflatoxins, with the exception of milk which has an action level of 0.5 ppb for aflatoxin M1. In Europe the maximum levels of aflatoxins for food consumption are generally lower as laid down in the Commission Regulation (EC) No 1881/2006, as amended by Commission Regulation (EU) No 165/2010 and Commission Regulation (EU) No 1058/2012 [22] [23] [24] . Therefore, the maximum levels for aflatoxin B1, the sum of aflatoxins B1, B2, G1 and G2 (known as Total) and aflatoxin M1 are established therein varying with commodity and its use.
Aflatoxins have commonly been detected by their photo physical properties such as absorption and emission spectra. Recent developments in the detection and determination for aflatoxins have been reviewed highlighting the advantages and disadvantages between approaches [25] . In brief, the analysis of aflatoxins in food and feed includes chemically based analytical methods such as the AOAC thin layer chromatography method, capillary electrophoresis, high performance liquid chromatography or liquid chromatography coupled to mass spectrometry. These methods are primarily high cost requiring trained laboratory staff and facilities for accurate quantitative results.
Non-invasive spectroscopy or hyperspectral imaging-based methods demonstrate potential for screening large samples contaminated with aflatoxins but cannot produce quantifiable results.
Immunological methods such as enzyme linked immunosorbent assays, lateral flow devices and biosensor technology offer a low cost advantage but raise concerns in reliable repeatable detection and identification of individual toxin analogues. Due to the poor economic status and low education levels in developing countries, cost-effective quantifiable methods are required that will be easy to implement. The ToxiMet System first described in [26] has now been developed further, involving the 
Methods

ToxiMet System Analysis
Sample extraction: Each sample (25g) was mixed with sodium chloride (2.5g) followed by the addition of deionised water (40mL) and blended for 2 minutes in a Sterilmixer 12 blender. The blender was cleaned thoroughly between each sample. Methanol HPLC Grade (60mL) was then added and blended into the mixture. The solution was filtered through Whatman No 41 filter paper and an aliquot of extract (20mL) was diluted with PBS solution (40mL) and mixed.
This solution was then filtered through Whatman GF/A filter paper. ToxiTrace Immobilisation: The ToxiTrace cartridge was conditioned with methanol HPLC grade (0.2mL) followed by 10% methanol (0.2mL). An aliquot of the filtered sample extract (2.0mL) was loaded onto the column which was then washed using 10% methanol (0.4mL). The washing was complete when 50% of the solvent had passed through the cartridge.
ToxiSep Clean Up
Quantification:
The Toxitrace cartridge was plugged and inserted into the ToxiQuant instrument (ToxiMet, UK) within one hour of preparation and analysed for aflatoxins by selecting the specific commodity from the on-screen menu. For dried distillers grains there was no specific option for the analysis of this sample type therefore there these samples were analysed using the option of maize. The aflatoxin results B1, B2, G1, G2 and total aflatoxins are recorded for each sample immediately.
UPLC-MS/MS Analysis
Sample preparation:
The sample preparation was based on the QUEChERS method [28, 29] with some modifications [30] . Briefly, 1 g of homogenised sample was soaked with 5 mL of 2 % formic acid in water for 30 min followed by vortex mixing with 5 mL of acetonitrile using a DVX-2500 multi-tube vortexer set at a speed of 1000 for 30 min. The separation of the water from organic phase was achieved by addition of 2 g of magnesium sulphate and 0.5 g of sodium chloride and hand shaking for 30 sec followed by 5 min centrifugation at 4000g. The Table 1 and Figure 2 shows the retention time separation and multiple reaction monitoring (MRM) transitions of the 5 aflatoxins (B1, B2, G1, G2 and M1) using UPLC-MS/MS. The toxins were quantified by interpolation from a matrix-matched calibration curve (spiked before extraction so results were corrected for recoveries). For samples whereby the toxin concentration was above the upper calibration range these were diluted in blank matrix and re-analysed.
Results and discussion
As aflatoxins are reported to be genotoxic carcinogens, it is important to limit their total content in food and animal feed by complying with legislation for given commodities.
Considering that European legislation includes limits for the most toxic aflatoxin B1 alone and the total aflatoxins (sum of aflatoxins B1, B2, G1 and G2) these are of primary focus for any method of analysis. On deciphering the ability of a method to be fit for purpose in a given environment a number of factors need to be considered including: accuracy; limit of detection; application to multiple analytes; versatility; time of analysis; cost; ease of use; low maintenance, repeatability and robustness. Key parameters were considered for both the ToxiMet system and UPLC-MS/MS instrument applied in this study ( Table 2 ). The benefits of the ToxiMet system, compared with UPLC-MS/MS, included its ability to rapidly and simultaneously determine each of the individual aflatoxins, using unskilled personnel working outside of the laboratory environment. Additional benefits were the avoidance of the need for internal and analytical standards and low capital and maintenance costs as compared to the UPLC-MS/MS equipment. The benefit of the UPLC-MS/MS, in addition to being the regulatory method of choice, was the versatility to include other toxins within the analysis of the sample. Nonetheless, the individual determination of aflatoxins B1, B2, G1 and G2 in peanuts, maize, rice and distillers grain samples was shown to be feasible for both methods.
The UPLC-MS/MS had the added ability of M1 determination (Supplementary Data). Table 3 summarises the range of the individual toxin concentrations determined by ToxiMet system and UPLC-MS/MS analysis for each food and feed commodity. In general the upper limit of the range for the toxin concentration determined by UPLC-MS/MS was higher than for the ToxiMet system. Although the same lot was analysed by both methods these differences in range could be in part due to the variation in sample size from 1g to 25g taken from the lot as due to the heterogenic nature of mycotoxins this can be critical. Some of these challenges in sampling procedures to detect mycotoxins in agricultural commodities have been well described [31] . On each occasion the ToxiMet system provided an immediate result and did not indicate that the aflatoxin concentration was above an upper limit of detection. However, when the result was beyond the calibration range for UPLC-MS/MS analysis the sample was diluted and re-analysed on the instrument. Recent recommendations provided by the manufacturer since the completion of this study of evaluation of the instrument indicate that a very high levels for a quantitative as opposed to a qualitative result if the sample concentration is greater than 30µg/kg the sample should be diluted and re-analysed in the same manner as for UPLC-MS/MS. Figure 3 shows the graphical correlation of the results of the Toximet versus UPLC-MS/MS analysis for total aflatoxins (B1, B2, G1, G2) and for B1 determination in rice, maize, peanuts and dried distillers grains. The number and percentage of samples defined to be above the European regulatory limits for each sample type was compared between methods (Table 4 ).
Rice Samples:
For rice included under the EU legislation 165/2010 whereby all cereals and all products derived from cereals, including processed cereal products have the limits of 2.0g/kg for aflatoxin B1 and 4.0 g/kg for total aflatoxins (Sum of B1, B2, G1, G2). However, an exception is for AFB1 in processed cereal-based foods and baby food for infants and young children where the regulated limit is 0.1 g/kg. Therefore, comparing the results from the ToxiMet system Similarly, for B2 and G2 the correlation was poor as the number of positive samples were low and bordering on the limit of quantification for both methods. The concentration range for aflatoxin M1 in the maize samples as determined by UPLC-MS/MS was 0 to 5.33 g/kg with 29 samples having measurable levels above the 0.05 g/kg EU level established for M1 in milk (Supplementary data).
Peanut Samples:
The EU legislation for groundnuts (peanuts) and processed products thereof intended for direct human consumption or use as an ingredient in foodstuffs is 2g/kg for aflatoxin B1 and 4g/kg for total aflatoxins. The peanut samples were provided as a homogenate paste which was to be used for direct human consumption. For the analysis the peanut samples were the most difficult to handle. Both the rice and maize samples were a homogenised powder, and as such were easier to aliquot from the sample container. However, the buttery consistency of the peanut samples was troublesome and required more time for the ToxiMet system filtration step. As the extraction solvent was a 60% methanol solution the aflatoxins would be soluble and pass through the filter but the fats less soluble clogging the filter.
Therefore, comparing the results from the ToxiMet system and UPLC-MS/MS analysis, 70 out of the 71 samples (98.6%) analysed by both methods had their levels of aflatoxin B1 higher than the allowed legislation and similarly their levels of total aflatoxins higher than the legislative limit. The same single sample was below legislative limits for both methods (1PA4). Table 3 It should be noted that for the dried distillers grains there was no choice for selection of dried distillers grains on the ToxiMet system as a commodity for analysis and as such the proprietary calibrations applied were not specific for this matrix. Therefore, the closest commodity of maize was chosen for the calibration and variations in matrix between maize and dried distillers grains could affect the performance for this commodity. Improved correlations may be obtained if the ToxiMet system is calibrated for this feed material.
As observed in
The comparison of the testing platforms showed the key attributes, benefits and limitations (Table 2 ). For the food products collected from the Ivory Coast, the ToxiMet approach displayed a very good correlation with the state of the art confirmatory technique of UPLC-MS/MS for the qualitative detection of aflatoxin B1 and total aflatoxins at the European regulatory levels for these sample types. In relation to the quantification of aflatoxin there were significant discrepancies when the toxin levels were high as in the case of the peanut samples and for the B2 and G2 toxins. For the ToxiMet system there appeared to be no upper limit of detection and for all samples a concentration value was provided even if beyond the detection range. The variations in the B2 and G2 toxins may be due to the selectivity of the ToxiSep cartridge especially at high levels of total aflatoxins contamination. Additionally, at higher level of contamination the results might be underestimated as a portion of the aflatoxin target analytes might be lost during sample preparation when the ToxiSep cartridge reaches its binding capacity. For the UPLC-MS/MS the use of the calibration curve showed the highly contaminated samples to be off scale and re-dilution was applied where necessary. Other discrepancies in quantification can arise in the homogeneity of the sample mass analysed, the efficiency of the extraction procedures and in the preparation of the analytical standards for the UPLC-MS/MS method. Although the sample was milled and thoroughly mixed the ToxiMet system utilised a more representative 25g compared to 1g by the UPLC-MS/MS method reducing the potential for toxin hotspots. Generally, the correlation trend of the UPLC-MS/MS method to the ToxiMet system is that the UPLC-MS/MS method detected higher levels of B1 and total aflatoxins. Extraction procedures with multiple steps allow for error and for untrained personal the methods should be as simple as possible. Both methods have solvent based extraction steps with multiple steps for the operator though the ToxiMet system uses only methanol as a solvent and overall is a relatively faster procedure. A major advantage of the ToxiMet system is that analytical standards are not required. For the preparation of calibration standards precision is required for highly sensitive detection methods as even small error margins through solvent evaporation of the stock standard on preparation, storage or pipetting can cause differences in response at the low levels of detection which can amplify to significant differences in the toxin concentration in the sample. The use of internal standards for mass spectrometry procedures would be the preferable option for precision analysis though to date these are only available for certain analytes for mycotoxin analysis and are highly expensive for routine use.
The samples collected in this study from the Ivory Coast were for direct human consumption in the local community. These samples showed high levels of contamination of aflatoxins well above the European regulatory limits in the order of severity of peanuts, maize and rice. To prevent adverse human health effects from high levels of aflatoxin contamination food choices in this region may be an important aspect whereby rice may have less risk for toxic concerns due to the occurrence determined in this study. Innovative cost effective detection can offer a means of prevention of contaminated products entering into the food chain but in regions where food supply is more important than safety from chronic toxin exposure, research and innovation must examine strategic mitigation strategies to ensure sufficient food supply. Limitations of both methods currently lie in their ability to detect AFB1 in processed cerealbased foods and baby food for infants and young children at the regulated limit is 0.1 µg/kg as the LODs for B1 using the method are currently 0.5 µg/kg for UPLC-MS/MS and 0.2 µg/kg for ToxiMet. This would potentially pose issues for these commodities unless minor modifications to the sample preparation can be considered for increased sensitivity. Another current limitation of the ToxiMet system is that it currently does not detect aflatoxin M1 or as in comparison to advanced LC-MS/MS methods the simultaneous detection of other mycotoxins. The presence of aflatoxin M1 in maize samples highly contaminated with aflatoxin B1 has been reported previously [32] .
Similarly Huang and co-workers [33] found aflatoxins M1 and M2 in peanuts with the highest content 64.7 and 3.6 µg/kg, respectively. This study highlights in agreement with previous authors that aflatoxin M1 is not only an important contamination concern of milk but that regulation should also be considered for foodstuffs such as peanuts and maize.
Conclusion
The ToxiMet system provides an alternative significantly lower cost approach compared to mass spectrometry analysis in both instrumentation and maintenance costs and day to day operation of the assay that would be useful for the prevention of highly contaminated foodstuffs with aflatoxins entering the food chain. This type of technology could be suitable for use as a highly accurate food safety monitoring tool in trading, distributing and processing companies in emerging economies where contamination in key staple foods and major export crops can be high as illustrated in this study for maize and peanut samples. Since 2001, she has been working as a researcher in food safety and quality at CIRAD (Centre de coopération internationale en recherche agronomique pour le développement), Montpellier, France. Her main research activities concern the prevention and control of mycotoxins in foods, and plant pathogenic fungi, including the development and validation of rapid methods for mycotoxin analysis. 
Specificity
Specific for Aflatoxins B1, B2, G1, G2, Very specific for Aflatoxins B1, B2, G1, G2, M1 but method can be expanded to include a high number of mycotoxins for which standards were available
Ease of use
Method is relatively easy to use but requires initial training.
Skilled personnel with previous experience in LC-MS/MS methods and associated software for operation and interpretation of toxin profiles is required. Amount of sample (g) 25 1 
Sample Preparation
Portability
May be applied outside the laboratory setting at different testing points along the food chain with basic facilities to allow for sample preparation Not possible
Benefits
Relatively fast real time result, highly sensitive, highly specific multiplex analysis of four aflatoxins. There is no requirement for the purchase or preparation of analytical standards.
Accurate identification and quantification for compounds with available standards. Analytical standards grade or internal standards for aflatoxins are available but due to expense are not routinely used in analysis but are used for instrument calibration.
Limitations
Biosensor is relatively inexpensive requiring little maintenance and very limited training in use.
Equipment is highly expensive and requires substantial maintenance, requiring fully trained personnel for operation 
